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Abstract: Spatial information of the dominant species of satiyad aquatic
vegetation (SAV) is essential for restoration pctgein eutrophic lakes,
especially eutrophic Taihu Lake, China. Mapping thstribution of SAV
species is very challenging and difficult using yomhultispectral satellite
remote sensing. In this study, we proposed an agprto map the distribution
of seven dominant species of SAV in Taihu Lake. @pproach involved
information on the life histories of the seven S#pécies and eight distribution
maps of SAV from February to October. The life digtinformation of the
dominant SAV species was summarized from the tileeaand field surveys.
Eight distribution maps of the SAV were extracteohi eight 30 m HJ-CCD
images from February to October in 2013 based encthssification tree
models, and the overall classification accuraaesie SAV were greater than
80%. Finally, the spatial distribution of the SApesgies in Taihu in 2013 was
mapped using multilayer erasing approach. Basedatidation, the overall
classification accuracy for the seven species Ba&6, and kappa was 0.6306,
which suggests that larger differences in life dniss between species can
produce higher identification accuracies. The dassion results show that
Potamogeton malaianwgas the most widely distributed species in Taibkd,
followed byMyriophyllum spicatum, Potamogeton maackianus, Poigeton
crispus, Elodea nuttallii, Ceratophyllum demersund &/allisneria spiralis.
The information is useful for planning shallow-watkabitat restoration
projects.

Keywords. Submerged aquatic vegetation (SAV); Mapping; Domina

species; Remote sensing; Life history
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1. Introduction

Submerged aquatic vegetation (SAV) has importapacts on the
physical, chemical and biological structure andcfiom of aquatic
ecosystems, particularly in shallow lakes (Barkalet1991; Gumbricht,
1993; Hu et al., 2010). Studies indicated thatletwahquatic systems that
are dominated by SAV often have better water qudldarity, total
suspended solid, pH, chlorophgl{Chl-a), total phosphorus (TP) and yotal
nitrogen (TN) than other systems (Luo et al., 20#hd SAV can cause
aquatic ecosystems to shift from a turbid algaeidated state to a clear-
water plant-dominated state (Folke et al., 2004acet al., 2012), because
it can inhibit the growth of algae, absorb the esoee nutrients, reduce
water currents, accelerate the sedimentation opeswed materials,
stabilize sediments and prevent them from re-suipgnDepew et al.,
2011; Hilt et al., 2006; Luo et al., 2014; Shuchragal., 2013), In addition,
it can provide food and shelter for wildlife, andbitat for spawning
aquatic animals.

In recent decades, as a consequence of rapid aaian and human
activities, most of the urban and suburban shdkies and rivers in China
have experienced accelerating eutrophication fatbvby the loss or
degradation of SAV due to high total suspended enaffTSM)
concentration and low water transparency (Duan.eB@12; Shi et al.,
2015). The restoration of SAV in phytoplankton-doated lakes is crucial
for transforming the turbid states of these shalkkes (Dong et al., 2014;
Hilt et al., 2006). In addition, studies have irated that SAV can help
inhibit the growth of phytoplankton by competing fautrients and light

2
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(Dong et al., 2014; Lombardo and Cooke, 2003). rEhestablishment of
SAV has been recognized as a valuable ecologicaheering technique g
for improving aquatic systems in China. EfficiedvSestoration planning
requires reliable information about the physicdlited requirements of the
species (Angradi et al., 2013). For SAV restorapoojects, mapping the
spatial distribution of the SAV species is impottior acquiring the most
suitable ecology and environment conditions for tjrewth of the
dominant SAV species. Additionally, an accuratevidealge of the spatial
distribution of dominant species of SAV is highlalvable to many
scientific and management goals, including the owpd parameterization
of shallow lake ecosystem processes and models¢/Zétzal., 2013).

Surveying the distribution of SAV and species &irge scale is very
labour intensive and time-consuming due to theiotisin of working in
the water environment. Satellite remote sensingriggies have become
powerful and effective tools for mapping aquatige®tion (Liu et al.,
2015; Ma et al., 2008; Zhao et al., 2013). For g¥danzhao et al. (2013)
and Luo et al. (2014) proposed methods for idemigfyof emergent,
floating-leaved and submerged vegetation and magpibieir distribution
in Taihu Lake using Landsat TM and HJ-1A/1B CCD grms, respectively.
Robert et al. (2015) developed a satellite-basgor@hm to map SAV and
then successfully mapped the distribution of SA¥he Laurentian Great
Lakes, Lakes Michigan and Ontario. Therefore, rapéctral satellite
remote sensing can be used to accurately map amdifid emergent,
floating-leaved and submerged vegetation in shakboastal waters or
lakes due to the large spectral difference amoemth

For identifying SAV species, a limited number opkxatory research
programs have been conducted using hyperspectraiteesensing data.
For example, Han and Rundquist (2003) studied pleetsal responses of

Ceratophyllum demersuat varying depths in both clear and algae-laden
3
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water using a hyperspectral hand-held spectroragtemPinnel et al.
(2004) gathered airborne hyperspectral remote sgmuisita for the spectral
discrimination of submerged vegetation in South@ermany. Yuan and
Zhang (2006) investigated the spectral characiesisif the SAV plant

speciesPotamogeton crispus, Myriophyllum spicatum and Ruatgeton

malaianuswith the same coverage and found that their ree @eéaks and
valleys are different. These studies suggestedttieae are tiny spectral
differences among SAV species, and it is only gadedb recognize them
using hyperspectral remote sensing data with abundspectral

information.

However, considering the cost and availability ofpérspectral
satellite data, it is infeasible to use them totcwously monitor and
identify SAV species. It appears to be impossibleap and identify SAV
species using only multispectral satellite imagease the spectral
differences among the SAV species are tiny andetber difficult to
capture using broadband remote sensing data. Fdelyndifferent SAV
species have different phonological characteristiztlife histories, which
has made it possible to map and identify SAV sgeaging multiseasonal
and multispectral satellite remote sensing datadas information on
their life histories, and it has been proven todfkective to identify
terrestrial vegetation types based on multi-tempaaellite remote
sensing data (Leite et al., 2011, Liu et al., 20@&rthy et al., 2003) and
phenological information. However, the method has een used and
tested for mapping aquatic vegetation species.

Therefore, in this study, using ArcGIS spatial gasl technology, we
developed a multilayer erasing flow for mapping S#pecies in Taihu
Lake by combining their life history characteristiand multi-seasonal
satellite remote sensing data. To our knowledgstlie first study to map

the dominant SAV species using satellite images.
4
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2. Materials and methods
2.1. Study area

Taihu Lake (30°5%0"— 31°3258"N, 119°5232"— 120°3610"E) is
one of the five largest freshwater lakes in Chind aovers an area of
approximately 2,338 kfnlt is located at the core of the Yangtze Delta in
the lower reaches of the Yangtze River in eastdnna(Figure 1). Taihu
Lake is a typical shallow lake with a maximum deptless than 3 m and
an average depth of 1.9 m. The western and cqudréd of Taihu Lake
belong to the algal-dominated zone, where the watee consistently
extremely turbid with high total nitrogen (TN), &btphosphorus (TP)
contents and suspended matter concentration. Afd@abms occur
frequently in the algal-dominated zone (Duan et24115). The eastern of
Taihu Lake, including Meiliang, Gonghu, Zhenhu, @Gahghu, Xukou,
Doangshan and Dongtaihu Bays, are covered with dpygtes and
therefore belonged to a macrophyte-dominated zotiernauch lower TN
and TP content and higher water transparency tlththdse in the algal-
dominated zone (Luo et al., 2016). According tovjmes studies (Carr et
al., 2010; Liu et al., 2015), no aquatic vegetateasts at water depth
greater than 2.3 min the Taihu Lake. Thereforeexaeted the region with
water depths less than 2.3 m as the study aredh defa was provided by
Taihu Laboratory for Lake Ecosystem Research ([eidor

There are four types of aquatic vegetation in thessgrtype zone:
emergent, free-floating, floating-leaving and submed vegetation.
Emergent and free-floating hydrophytes accountddss than 5% of the
total aquatic vegetation area and are mostly Oigtied in the littoral zone
of Taihu Lake (Luo et al.,, 2014). In this study, wlevided aquatic
vegetation into floating-leaved and submerged \aget. According to

field survey and documentary records, there areocxppately 17 SAV
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species in Taihu Lake, but only seven species arairéant. Elodea
nuttallii, Potamogeton crispysMyriophyllum spicatum Potamogeton
maackianus, Ceratophyllum demersandVallisneria spiraligMa et al.,
2008; Qin, 2008; Ye et al., 2009)

Zhushan Bay Meiliang Bay

<5
e
-]

e Samples

R8%%4 Island
0<depth<23m
depth > 2.3 m

Figure 1. Location of Taihu Lake within China (dejplata was provided by Taihu

Laboratory for Lake Ecosystem Research)
2.2. Field data collection

Field surveys were conducted on 10-14 March, 2R4a4¢, 10-13 July,
17-22 August and 23-26 September in 2013. A tdtéDd ground-truth
samples were collected for open water and aquatjetation (100 samples
in March, 102 samples in May, 112 samples in JiA3, samples in August
and 179 samples in September) in macrophyte-doednaine of Taihu
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Lake (Figure 1), including 405 submerged vegetatamples and 231
floating-leaved vegetation samples. The aquatietagpn sampling plots
were limited to areas measuring at least 60 x g0an four pixels of an

HJ-CCD image) and that had a relatively uniformtribsition of

vegetation. We used a portable GPS receiver withcanracy of 3 m to
record the centre coordinates of each sample aadded the type and
percent coverage of aquatic vegetation. We alsd @&eS to record the
boundary extent of the representative floating¢ehvand submerged

aquatic vegetation sample regions to generateygpolvector file.
2.3. Remote sensing data collections and processing

HJ-CCD images recorded from the HJ-1A/1B CCD camavare
acquired from the China Centre for Resources $atelata and
Application (CRESDA). These cameras were onboagdHi-1A and HJ-
1B satellites, which were launched by CRESDA ont&aper 6, 2008.
Their spectral ranges and spatial resolutionsiariéss to those of the first
four bands of Landsat TM. The single CCD imagergtivis 360 km, and
the two satellites constellation provides a wideath width (700 km) and
a re-visit time of 48 h (two days). Its high reivisycle was of great
importance for mapping the dominant SAV speciasis study.

In this study, eight cloud-free and sun glint fidd-CCD images
covering Taihu Lake and acquired on February 20rchd2, April 25,
May 22, July 11, August 16, September 26 and Oct@Be 2013 were
used, respectively. The ENVI software package vgasl to pre-process the
remote sensing images. Radiometric corrections made using coefficients
from the metadata accompanying the images (e.gns gand offsets).
FLAASH uses a robust procedure to correct for apinesc attenuation and
adjacency effects (Module, 2009). Four key inputapeeters for the

FLAASH module included: the mid-latitude atmosphen®del, urban
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aerosol model, atmosphere water vapour and vigiddased on the location
of the study area covered by the scenes and tlétedtansit time, the first
two parameters were easily determined. Howevegrwapour and visibility
values may vary between the images, and thesedetmanined by trial-and-
error until a typical spectral pattern of plantswaserved (Pu et al., 2012).
The HJ-CCD images were also geometrically correutital a previously

corrected Landsat TM image with a geometric acquo@g: 0.5 pixels.
2.4. Life histories of dominant species of SAvaihu Lake

There are seven dominant SAV species in Taihu LBk&amogeton
crispus Elodea nuttallii Myriophyllum spicatum Potamogeton
maackianus Ceratophyllum demersum Vallisneria spiralis and
Potamogeton malaianudJsing references and field surveys, the life
histories of the seven dominant species are surpethrnin Figure 1.
Detailed descriptions of the species are now dssulisl)Potamogeton
crispuscan tolerate temperatures below 0°C and can suoxee winter.

It grows rapidly after March, reaches a maximumniass in mid-May and
then soon dies and becomes dormancy (Nichols aad,S986; Rogers
and Breen, 1980). It regrows after NovembeE@dea nuttalliitolerates
temperature below 0°C and can survive over wiiteming a dense mat
of vegetation just above the lake bottom (Oki, 1984rows rapidly after
May, reaches a maximum biomass in early July, &ed soon died and
becomes dormancy. It regrows after September (Kub@84). 3)
Potamogeton maackianggannot survive over winter. It begins to rapidly
grow in early April and reaches a maximum biomas3uily, grows slowly
and gradually withers (Ni, 2001). 4Yyriophyllum spicatumcannot
survive over winter. It grows rapidly from April tuly and reaches its peak
stage from early July to early August. It begins dormancy from
December to the following February (Nichols and \&h4986). 5)

8



220 Ceratophyllum demersugannot survive over winter and starts dormancy
221 between December to following February. It growsdby from early June
222 and reaches a maximum biomass from late Augustrtg 8eptember, and
223 then grows slowly and gradually withers (Best, 1973) Vallisneria
224  spiralis cannot survive over winter and is dormant from &wrber to next
225 February. It begins growing slowly from April andogys rapidly during
226 July-September, after which is reaches maximum agsrduring early
227 October to mid-October. 7Potamogeton malaianukas a similar life
228 history, except for its peak stage. It reaches mara biomass from late
229  October to early November (Liu et al., 2007; Widgénd Kadono, 1989;
230 Xiao et al., 2010).

Jul Aug Sep Oct Nov

EMILEMILE MLE ML EME |>° "

E.N.
P.Maa
M.S.
C.D.
V.S.
P.Mal.

I:|Germination stage :Slowly-growing stage - Fast-growing stage
531 _Peak stage :| Over-wintering stage

232 Figure 2. Life histories of seven SAV species ithlid_ake

233 Note: P.C.=Potamogeton crispus; E.N.=Elodea nuttallii; $4=Myriophyllum
234  spicatum; P.Maa.=Potamogeton maackianus; C.D.=Capalyllum demersum;
235 V.S.=Vallisneria spiralis; P. Mal.=Potamogeton malaus; E=Early; M=Middle;
236 L=Late.

237 2.5 Methods

238 2.5.1. Classification tree modd for the extraction of SAV

239 Classification tree (CT) analyses are based ondichotomous
240  partitioning of data at certain thresholds of tlue of the explanatory
241 variables, which determine the branch a particskmple will follow

242 (Olshen and Stone, 1984). It is considered to Ipecaslly robust when
9
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used with a small sample size of remotely-sensed (Badjudin and
Landgrebe, 1996). Luo et al., (2014) developedaastiication tree for
mapping floating-leaved and submerged vegetatiofiaiiu Lake. As
shown in Fig. 3, in the classification tree, flogtileaved vegetation was
first extracted from other types using the floatiegved vegetation
sensitive index (FVSI), and then the submergedtatiga sensitive index
(SVSI) was used to distinguish between the SAVwatér. The FVSI and
SVSI were defined as:

FVSI= PG, Eg. (1)
wherePCGC; is the second principal component of the princqumahponent
transform.

SVSETC-TC, Eq. (2)
whereTC;, and TG, are, respectively, the first and second componaits
the tasseled cap transform, which are also caled brightness and
greenness (Crist, 1985; Healey et al., 2005).

FVSI=a
Yes ‘ No ‘
Floating-leaved vegetation SVSI=b
Yes ‘ No
Submerged aquatic vegetation Open water

Figure 3. Classification tree of identifying floagj-leaved vegetation and submerged
aguatic vegetation based on FVSI and SVSI, whenedb are the threshold of FVSI
and SVSI

In the classification tree, the thresholds, iseandb, of FVSI and
SVSI vary with images, because they can be inflednby aquatic
vegetation conditions, environmental and physiaatditions. For the
image with the synchronously collected ground sasyghe thresholds of
FVSI and SVSI were determined and modified slighihsed on field

10
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survey points until the maximum classification pseamn was achieved. For
the image without the synchronously collected gibsamples, Luo et al.
(2014) developed an effective algorithm to calaitae thresholds. In this
study, the thresholds of FVSI and SVSI in the CTdeis for the image
acquired on July 11 were obtained using the symdusly collected
ground samples, whereas the thresholds for the amagthout
synchronously collected ground samples were caklaccording to the
thresholds for the July 11 image using the algoritteveloped by Luo et
al. (2014) The algorithms can be expressed as:

CTm_FVSI=kxCT_FVSI+h Eq. (3)

CTn _SVSI= pxCT_SVSI+q Eq. (4)
whereCT,,_FVSlandCT,_SVSlare the thresholds of FVSI a&{/Slin
the classification model, respectively, for the gmacquired at time m in
the absence of ground samples, which should belegdd, that is aand b
in the classification tree in Figure 3; aB8d FVSlandCT_SVSlare the
thresholds of FVSI an8VSI in the classification model, respectively, for
the image of July 11. THeT _FVSIandCT _SVSWere obtained using the
field survey data. Fdeandh, we first selected the same regions of interest
(ROIs) with floating-leaved vegetation from the gea at timenand July
11, respectively. Secondly, two group FVSI valueswkd from the two
ROIs were placed in descending order. Finally lithe fitting model was
simulated using the two descending FVSI datasetd, the slope and
intercept of the linear model were k and h, respelst In a similar way,
the line fitting model could be simulated by theotgroups of SVSI in
descending order, and then we can acqumeadqg. See the work by Luo
et al. (Luo et al., 2014) for the detailed test walidation of the algorithm.
The thresholds and classification accuracies of $4ve assessed by the
overall classification accuracy (OCA) (Luo et 2016; Luo et al., 2014).
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2.5.2. Method for identifying dominant species of SAV

Based on the life history information of the donmh&AV species,
the dominant species were identified from the tsades SAV distribution
maps using the erase tool in the analysis toolro€AS. The erase tool is
an important analysis tool in ArcGIS. As shown iguUfe 4, erase creates
a new feature class by overlaying two sets of featuThe erase features
polygons that define the erasing area. The inpatiufes or portions of
input features that overlap the erase features@raritten to the output
feature class. The input features can be poimtsslor polygons, but the
erase features must be polygons. The output featmitebe of the same
geometry type as the input Features. Input featargsortions of input

features that do not overlap erase features ateewto the output feature

class.
INPUT OUTPUT
ERASE FEATURE \ ?
— *

Figure 4. Schematic diagram of erase tool (fromA& desktop help)
Figure 5 shows the flow chart and methods that weesl to identify

the dominant SAV species. As shown in Figure 5dray, 3,5, 7, 8,9 and
10 are the SAV spatial distribution maps deriveanfrthe images of
February 20, March 12, May 22, July 11, August 3éptember 26 and
October 28 based on the classification tree modédis. methods were
developed according to the following general pples. 1) The dominant
species were extractexiccessively according to the time order of the
maximum biomass from January to December, and tRatgmogeton

crispus Elodea nuttalli Myriophyllum spicatum Potamogeton

12
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maackianus Ceratophyllum demersum, Vallisneria spiralis and
Potamogeton malaianug&re extracted in sequence. 2) the Erase tool in
ArcGIS was used to extract the species. The irgydrland erase feature
are SAV layers extracted from the images using ¢beresponding
classification tree models. To obtain the distritutayer of a species layer,
the input layer was derived from the image during fast-growing and
peak stages of the species, and the erase feasmeanved from the image
between the germination and slow growth stageb@fpecies. Because
the species has the highest coverage and wasoestto water surface in
their fast-growing and peak stages, during whiclytlcan be readily
captured by remote sensing. In the germinationsho growth stages,
the species’ canopies are not close to the watémcguand coverage are
low; in these stages, very little species inforoatcan be captured by
remote sensing, especially in high suspended shédlices.

Therefore, based on the life histories of the se¥AX species, the
detailed steps for extracting the seven specieasafellows: 1) extraction
of Potamogeton crispus:rom February to MarclRotamogeton crispus
andElodea nuttalliiare in the fast-growing stage, and in the gernomnati
stage in July, they are tineain dominant species in Taihu. The SAV layers
derived from March and April were merged, and tthenmerged layer was
used as the input layer, the SAV layers from Julyawsed as the erase
feature, and therefore the output layer was thérildigion layer of
potamogeton crispug?) extraction ofElodea nuttallii. The SAV layers
derived from February and March were merged, thgyetklayer was used
as the input layePotamogeton crispuayer was used as the erase feature,
and therefore the output layer was the distributger ofElodea nuttallii;

(3) extraction oPotamogeton maackianu®otamogeton maackianissin
the fast-growing stage in May and in the slowlywgirig stage in March.
Therefore the SAV layer in May was used as thetifgyer; the SAV layer

13



348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

in March andPotamogeton crispusind Elodea nuttallii layerswere
merged, the merged layer was used as the erasesfeatd the output layer
was the distribution layer d?otamogeton maackianu¢) extraction of
Myriophyllum spicatumThis species is in its peak stage in July anthen t
slowly-growing stage in October. The SAV layer ilyJwas used as the
input layer; the SAV layer in October and the Isyef Potamogeton
crispusand Elodea nuttalliand Potamogeton maackianugere merged,
the merged layer was used as the erase featureharmitput layer was
the distribution layer ofMyriophyllum spicatum;(5) extraction of
Ceratophyllum demersunThis species is in its fast-growing stage in
August and in the slowly-growing stage in late-®etio The SAV layer in
August was used as the input layer, the SAV laydate-October and the
layers ofPotamogeton crispu&lodea nuttallii, Potamogeton maackianus
and Myriophyllum spicaturwere merged, the merged layer was used as
the erase feature; and the output layer was thiibdison layer of
Ceratophyllum demersum; (@@xtraction of Vallisneria spiralis. This
species is in its fast-growing stage in Septembénmthe slowly-growing
stage in late-October. The SAV layer in August wsed as the input layer,
the SAV layer in late-October and the layersRaftamogeton crispus
Elodea nuttallii, Potamogeton maackianus, Myriopnyl spicatum and
Ceratophyllum demersumere merged, the merged layer was used as the
erase feature, and the output layer was the disioin layer ofVallisneria
spiralis; (7) extraction ofPotamogeton malaianugll of the SAV layers
from February, March, April, May, July, August, $&mber and October
were merged, the merged layer was used as the ilgyetr, the
classification layers of the other six species weegged, the merged layer
was used as the erase feature, and the outputtagdahe distribution layer

of Potamogeton malaianus.
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Figure 5. Flow chart for identifying seven SAV sgsc
Note: Layer 2, 3,4, 5, 7, 8, 9, 10 are the SAMriistion maps were derived from the

image of February 20, March 12, April 25, May 2alyJ11, August 16, September 26
and October 28,2013 using classification tree nsdel

According to Figure 5, the spatial distribution thle seven SAV
species in 2013 can be mapped in shallow lakess{@ilzation accuracies
of dominant SAV species were assessed by produeecsracy (PA),
user’s accuracy (UA), overall accuracy (OA) and gapCongalton et al.,
1983). Meanwhile, to analyse the dominant speciadifferent seasons,
we merged the SAV layers from 20 February, 12 Mairwth 25 April 2013
as the SAV distribution layer in the spring. By dmnmng the spatial
distribution map of the seven species in 2013 &edIAV distribution
layer in the spring, the spatial distribution mdph® dominant species in
the spring can be obtained. The SAV layers frorvi2® and 11 July 2013
were merged as the SAV distribution layer in thenswer, and the SAV
layers from 16 August, 26 September and 28 Octab&B were merged
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as the SAV distribution layer in the autumn. In Haane way, the spatial

distribution maps of the dominant species in tharser and autumn were

built.

3. Resaults

3.1. Identification of aquatic vegetation

Using Egs. (1) and (2), FVSI and SVSI were derifredh the image

of July 11, 2013. Then, the FVSI and SVSI valuethefsamples collected
from 11-13 July 2013 were obtained. Based on th8IFand SVSI values
of the different types, the histograph was obtairaedl then the optimal
thresholds of FVSI and SVSI were quantitativelyedetined. As shown in
Figure 6, the floating-leaved vegetation coulddentified from the other
two types when FVS%-0.035, and then the threshold (SVSI=0.192) could

be used to distinguish the submerged aquatic viegetiom the water.

Using the optimal thresholds and classificatiore trine floating-leaved

vegetation and submerged aquatic vegetation onuljl 2013 were

mapped (Figure 7).

Floating-leaved vegetation Submerged aquatic vegetation —— Water ‘

High High

e

2 )

E 5

o =

] o

S L

& i
Low ' : / oo Low . / \ .

-0.3 -0.2 -0.1 -0.035 0 0.1 0 0.1 0.192 0.3 0.4
FVSI SVSI

Figure 6. Histogram of FVSI and SVSI from differéyppes
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Figure 7. Spatial distribution map of aquatic vegieth on July 11, 2013
Next, based on the threshold of FVSI and SVSI @iy 11, 2013, we

calculated all of the thresholds of FVSI and SV@&l the other images
using the algorithms (Egs. (3) and (4)) (TableThe classification results
for March 12, May 13, July 13, August 16, Septenfteand October 28
were validated using the corresponding ground sasnflhe results show
that the overall classification accuracies weréhaigthan 80%, and that
83% of the misclassified samples had a coveragé %2and therefore
might be difficult to identify SAV with a coverage 20% using satellite

images with resolutions of 30 m.

Table 1. Thresholds of FVSI and SVSI in classifmatreesa andb are the

thresholds of FVSI and SVSI, respectively. OA = alleaccuracy.

Date a b OA (%) Date a b OA (%)
20-Feb-13  -0.055 0.337 — 11-Jul-13  -0.035 0.192 82.1
12-Mar-13  -0.055 0.318 88.7 16-Aug-13 -0.075 0.129 85.7
25-Apr-13  -0.025 0.194 — 26-Sep-13  -0.063 0.174 84.4

22-May-13  -0.035 -0.200 85.9 28-Oct-13  -0.038 0.160 —

Eight classification trees for the eight imagesevestablished, and
therefore eight SAV distribution layers were ob&alifFigure 8). As shown
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437

in Figure 8, the SAV was distributed mainly in #sstern bays of Taihu
Lake. In February and March, there was a small atnaf SAV in

Meiliang and Dongtaihu Bays. From April to May, SA&Xisted mainly in
Xukou, Dongshan and Dongtaihu Bays. The SAV distrdn area

gradually increased in Xukou and Dongtaihu Baymftuly to October.

February 20 March 12 April 25

August 16

September 26 - Oclober 28 Layer | =0 10 20

Figure 8. Spatial distribution maps of SAV withfdient times in 2013 in Taihu Lake
Note: Layer | is the distribution map of SAV in 2y merging the SAV layers of February
20, March 12, April 25, May 22, July 11, August B&ptember 26, October 28.

Figure 9 shows that the area covered by SAV inecéaom 60.27
km? in February to 163.49 khin September. From February 20 to October

18



438 28, the region covered by SAV in every bay changia time because of
439 the different life histories of the different SAVpecies (Figure 9).
as0  Altogether, the total area covered by SAV was 29kif¥ in 2013.

300
250

o 200
E

<

~ 150

@

< 100
50J I I I
0

20-Feb 12-Mar 25-Apr 22-May 11-Jul 16-Aug 26-Sep 28-Oct Layer |

441
442 Figure 9. Distribution areas of SAV from differamhes in 2013

443 3.2. Mapping dominant species of SAV

444 Based on the eight distribution maps of SAV in 2@hd8 the method
a45  for identifying the dominant species of SAV shown Figure 8, the
446 classification map with seven dominant SAV spenieX)13 was obtained
447 and is shown in Figure 10.

448 The accuracy of the classification map was assessieg an error
449 matrix (Table 2). The overall accuracy was 68.4#46l lkappa was 0.6306.
450 Potamogeton crispuand Elodea nuttalliihave distinct life histories with
451 other species, and they therefore had high claasiin accuracies with PA
452 of 75.5% and 70.2%, and UA of 78.4% and 74.1%aeygely. However,
453 there were large misclassifications betwd@stamogeton crispugsnd
454  Elodea nuttalliidue to their similar life historieRotamogeton malaianus
455  and Potamogeton maackianeghibited classification accuracies greater
456 than 68% followed by Myriophyllum spicatum and Vallisnesairali.

457 Ceratophyllum demersuhmad the lowest classification accuracy with PA
458 of 62.7% and UA of 60.4%, respectively, due tositsall proportion in
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Taihu Lake and inconspicuous life history. Due kit similar life
histories, there were large misclassification betwd?otamogeton
malaianus and Vallisneria spirali, between Myrioppagn spicatum and

Potamogeton maackianus.

Table 2. Accuracy assessment of classificationliesor seven SAV species, PA =%

Producer’s accuracy; UA = % User’s accuracy.

Predicted
Species P.C. EN. PMaa. M.S. C.D. V.S. P.Mal Total PA
P.C. 40 5 2 1 2 1 2 53 75.5
= E.N. 6 40 2 3 3 2 1 57 70.2
g P.Maa. 2 1 42 6 4 2 4 61 68.9
2 M.S. 0 2 43 5 4 4 64 67.2
§ C.D. 0 3 32 4 3 51 62.7
V.S. 2 1 4 34 6 52 65.4
P.Mal. 1 2 4 4 3 7 46 67 68.7
Total 51 54 61 66 53 54 66 405
UA 784 741 68.9 652 604 63.0 69.7

Overall accuracy= 68.4%; Kappa= 0.6306

Note: P.C. = Potamogeton crispus; E.N. = Elodea nuttaM.S.= Myriophyllum
spicatum; P.Maa. = Potamogeton maackianus; C.D.xa@@hyllum demersum;

V.S.= Vallisneria spiralis; P. Mal.= Potamogeton lamnus.

As shown in Figures 10 and Hgtamogeton malaianwgas the most
widely distributed species in Taihu Lake and cauatd 28.3% of the total
SAV. Myriophyllum spicatumwas the second most widely distributed
species, with a percentage of 16.6% of the total ,S#d was distributed
in Gonghu, Xukou, Dongtaihu Bays and the east coXishan island.
Potamogeton maackianagcounted for 15.1% of the total SAV and was
mainly distributed in Xukou and Dongshan Bal@tamogeton crispus
was mainly distributed in Meiliang Bay in the foroh single dominant
species and Dongtaihu Bay in the form of accompangpecies, and it
constituted 15.8% of the total SAElodea nuttalliwas mainly distributed
in Dongtaihu Bay, and constituted 8.9% of the t&AN. Ceratophyllum
demersum and vallisneria spirahgcounted for 8.0% and 7.1% of the total

SAV, respectively.Ceratophyllum demersunvas scattered in the bays
20



481  with the exception of Meiliang and Guanghu Bays ¥allisneria spiralis
482 was mainly distributed in Dontaihu Bay.

: Meciliang Bay

B Ceratophyllum demersum
- Elodea nuttalli
B Myriophytlum spicatum

Potamogeton maackianus
Bl Potamogeton malaianus
| Potamogeton orispus

Vallisneria spiralis

i Dongshan Bay | X

N v

[ I
483
484 Figure 10. Distribution map of seven SAV specief043 in Taihu Lake
90
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70
__60
E 50 |
8 40
g 30
20
10 ¢ I
0 1 : : : : :
485 C.D. E.N. M.S. P.Maa. P.Mal. P.C. V.S.
486 Figure 11. Distribution area of seven SAV speae2013 in Taihu Lake
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Note: P.C.Potamogeton crispu€.N.= dodea nuttallii M.S. =Myriophyllum spicatum
P.Maa.®Potamogeton maackianu§.D.=Ceratophyllum demersymu.S.=Vallisneria spiralis;

P. Mal.=Potamogeton malaianus.

Figure 12 shows the spatial distribution of the dwnt SAV species
in spring, summer and autumn. The distribution asE@even species
changed with the seasons. In the spring, the doThiBAV species were
Potamogeton crispus, Elodea nuttallii and Potamogehaackianusand
they were mainly distributed in Meiliang, Xukou aBdngtaihu Bays. In
the summer,Myriophyllum spicatum, Potamogeton maackianasd
Potamogeton malaianusere primary dominant species. In the autumn,
Potamogeton malaianwgas covered the largest area and and was the most
widely distributed species, followed BAotamogeton maackianuslodea
nuttallii, Myriophyllum spicatumthe remaining species. The distribution
rule of the species with seasons is consistenttvéin life histories, which
was further evidence that the method proposed alable. As shown in
Figure 13, the area covered by SAV was largestératitumn (212.9 k#j
followed by summer (153.5 kihand spring (122.1kfh

W Island Elodea nurtalli Potamogeton maackianies Potamogeton orispus

- Ceraiophyllum demersium - Myriophvilim spicatum - Potamogeton malaianis Fallisneria spiralis

Figure 12. Distribution map of seven SAV specieSjming (A), Summer (B) and
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Figure 13. Distribution area dynamics of seven SfA€cies with seasons in 2013 in
Taihu Lake
Note: P.C.Potamogeton crispus.N.=Elodea nuttallii M.S.=Myriophyllum spicatum
P.Maa.®otamogeton maackianu§.D. =Ceratophyllum demersuri.S. =Vallisneria

spiralis; P. Mal.= Potamogeton malaianus.

4. Discussion
4.1. Uncertainties, errors and accuracies of clasation

Mapping studies of aquatic vegetation have beendwded in
shallow lake. For example, Ma et al. (2008), Zhiaal €2013) and Luo et
al. (2014) proposed different classification methtmimap the distribution
of emergent, floating-leaved and submerged vegetati eutrophic Taihu
lakes based on moderate resolution images andvachigdassification
accuracies greater than 80%. However, mapping S#aciss is quite
challenging because of the Ilimitations of remoterssg and the
complexity of the aquatic environment.

Fortunately, different SAV species have differerttepological
characters and life histories. Therefore, basednahi-temporal remote
sensing images and the life histories of SAV spgeae have proposed a

method for mapping and identifying SAV species, thetoverall accuracy
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527 was only 68.4% (Table 2) due to many uncertainfibs. uncertainties that
528  affect the classification accuracy can be summdre® follows: 1) the
529 limited of the resolution of remote sensing data.t@e one hand, spatial
530 resolution can affect classification accuracy beseaof mixed pixels.
531 Lower spatial resolution can cause more seriougdhpixel phenomena
532 and thus result in larger deviations between tlassification and the
533 measured results. On the other hand, the speesalution of remote
534  sensing data also directly affects the SAV speui@sping accuracy. Figure
535 14 showed band reflectance of seven SAV speciegtexkérom HIJ-CCD
536 image of July 11, 2013. The result showed thas difficult to classify
537 seven SAV species only using multispectral imageaMvhile, we also
538 acquired their corresponding situ spectral measenéson July 13, 2013
539 (Figure 14). Itis indicated that there are largietences between the SAV
540 species. Thus, it is possible to classiyne species by hyperspectral data
541 Meanwhile, the studies also suggested that theee tiawy spectral
542 differences between SAV species (Han and Rundg2i$}3; Yuan and
543  Zhang, 2006), and only hyperspectral remote sercatg could capture
544 the differences and to then identify SAV specidseréfore, to reduce and
545 eliminate these uncertainties, the resolution ahate sensing data,
546 including spatial resolution and spectral resohgianust be improved. In
s47  future, with the constantly emerging of the hypedpl sensors,
548 combining our approach, classification accuracieSAY species would
549 be expected to be further improved. 2) Uncertaiimythe aquatic
550 environment. Taihu Lake has experienced signifigantiution with high
551 suspension, TN and TP contents, low water transpgrevhich have
552 caused serious eutrophication and frequent algabnié. In such a
553 complex aquatic environment, the depth of SAV speéiom the surface
554  of the water has a significant influence on thessifecation accuracy. A

555 larger depth can lead to a lower spectral signaenmtio and therefore a
24
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lower classification accuracy. For exampleéeratophyllum demersum
grows at a greater depth from the water surface olaer species in even
its fast-growing and peak stages, and thereforeheldwest classification
accuracy( 62.7%). 3) Similar life histories of SAgecies. Based on the
differences of their life histories, we develop&e method for mapping
SAV species. Therefore, larger differences of lifstories between them
can produce higher identification accuracies aeé viersa. For example,
Potamogeton crispusad the highest classification accuracy becausssit
a distinctly different phenology than the other ges. Myriophyllum
spicatumandpotamogeton maackiantsnded to be misclassified because
of their similar life histories. Fortunately, asosin in figure 15, there are
significant differences in the red edge and nefiadad region between
these species. So it may be a feasible methoaflucing the uncertainty
and improving their classification accuracies byngdhyperspectral data
on the basis of our classification results, whichuld be carried out in our

future research.
14

o 1
li i i i T i

Myriophyllum PotamogetonElodea nuttalli Potamogeto&lodea nuttallii  Vallisneria Ceratophyllum
spicatum  maackianus malaianus spiralis demersum

Figure 14. Band reflectance of seven SAV specas ilJ-CCD image of July 11,
2013
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Figure 15. Situ spectral measurements of SAV spamieluly 13, 2013
4.2. Management and application

Shallow lakes are among the most complex aquasites)ys and are
known to switch between two stable states: a mawgttepdominated clear-
water state and a phytoplankton-dominated turlatesiScheffer and van
Nes, 2007). Taihu is a typical large, shallow laketh macrophyte-
dominated and phytoplankton-dominated areas exmsil&neously (Liu
et al., 2015). However, in recent years, algal tnisohave gradually
extended its coverage and persisted over longeatidos in Taihu Lake.
The eutrophication of shallow lakes is characterizg the disappearance
of diverse SAV and the dominance of phytoplanktoecause SAV and
phytoplankton compete for nutrients and light (Deb@l., 2014). Studies
have indicated that reasonable distribution of igeSAV can cause
aquatic ecosystems to shift from a turbid algaeidated state to a clear-
water plant-dominated state (Depew et al., 201dDet al., 2014; Hilt et
al., 2006). Therefore, the restoration of SAV iseddfective method for
relieving eutrophication in shallow lakes. Knowiagd extracting the
physical habitat requirements of the SAV speciesnfrtheir existing

habitats is quite crucial for efficient SAV restooa planning. The
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interpretation of satellite remote sensing dathesmost effective method
for mapping the existing habitats of SAV specia®sg an entire lake. In
this study, SAV species in Taihu Lake were mappgdctdmbining the
characteristics of their life histories and mudtitporal satellite remote
sensing data. Although the overall accuracy way 68.4%, the most
suitable ecology and environment conditions andrastaristics of the
SAV species can be derived from the mapping resMié&anwhile, future
work will focus on developing knowledge bases dfetient SAV species
that contains their most suitable ecologies andremment conditions
according to their distribution characteristics fruding SAV restoration
work. It is also important determine the historisaccession and assess
health status and the paludification process dfuraake, based on the the
method proposed by this study.

5. Conclusion

Mapping SAV species can capture their most suitals@ogy and
environment characteristics, which is extremelyfuls@ restoration and
management of eutrophic shallow lakes. In thisysttite life histories of
seven SAV species in Taihu Lake were summarizecedoam field
observations and the literature, and then a myéirl@rasing approach for
mapping the SAV species mapping was developed basethe life
histories of SAV species and multi-temporal satelliemote sensing
imagery. Using this approach, the SAV species wepped in Taihu Lake
with an overall accuracy of 68.4% and a kappa aefft of 0.6306.
Potamogeton crispulsad the highest classification accuracy (PA =75.5%
and UA=78.4%), followed bglodea nuttalli{PA=70.2% and UA=74.1%)
potamogeton maackiany®A =68.9% and UA=68.9%, potamogeton
malaianus (PA =68.7% and UA=65.2%)myriophyllum spicatun{PA
=62.7% and UA=60.4%)potamogeton maackianu®A =65.4% and
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UA=63%) andceratophyllum demersu(RA =62.7% and UA=69.7%).

Potamogeton malaianusas the most widely distributed species,
followed by Myriophyllum spicatum, Potamogeton maackianus,
Potamogeton crispus, Elodea nuttallii, Ceratophylludemersum and
Vallisneria spiralis.The distribution area of the seven species chawgad
the seasons due to their phenological differenides area covered by SAV
was largest in the autumn (212.9 %nfollowed by summer (153.5 Kn
and spring (122.1kfn

The classification method presented, which is basadmulti-
temporal satellite images and life histories, rogel and effective means
for identifying SAV species. The classification uk#s should be very

helpful for aquatic ecosystem recovery and lakeagament.
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